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In this work the broadband complex permittivity of hexagonal boron nitride (h-BN) and its integration with
diamond through chemical vapour deposition (CVD) has been measured. This has been achieved using a
multitude of dielectric spectroscopic techniques including the parallel plate, broadband coaxial probe and
the microwave cavity perturbation methods to evaluate values from 103 to 1010 Hz. For intrinsic h-BN, a
frequency independent dielectric constant of approximately 4.2 ±0.2 across the band and an immeasurably
low dielectric loss was obtained. After CVD diamond growth of a few microns on half a millimetre thick
BN substrate, the dielectric constant increases dramatically to 46 ± 4, as does the free charge conductivity
in the low kilohertz frequency range. With increasing frequency, this amplified dielectric constant relaxes to
approximately 8 at 1010 Hz. The dielectric relaxation occurs at∼ 109 Hz, with the mechanism being most
likely due to electrically conducting impurities (sp2 carbon and substitutional boron into the diamond) at
the interface between the CVD diamond layer and the h-BN. This result demonstrates that the electrical
properties of h-BN can be drastically altered by growing thin layers of CVD diamond on the h-BN surface.
PACS numbers: Valid PACS appear here
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The dielectric properties of hexagonal boron nitride
(h-BN) have received recent interest owing to its two-
dimensional (2D) structural similarity to graphene, al-
though it is an electrical insulator. Since graphene is
incredibly sensitive to the environment, encapsulating it
in a dielectric is a possible means of stabilising it1,2. h-
BN has a small lattice mismatch with graphene of ap-
proximately 1.5 to 1.7%3,4, a contrasting semiconducting
property with a high band gap of 5.97 eV3, high dielec-
tric strength5 and a moderate dielectric constant (rang-
ing from 2 to 5)6. However, there are also contrasting di-
electric applications of h-BN, including composites with
higher electrical conductivity and those for microwave
absorbing materials. In this case, insulating BN is in-
corporated with other materials to increase the dielectric
loss or electrical conductivity of a composite7–9.
h-BN is a challenge to produce and is commonly
achieved by sputtering thin films or chemical vapour de-
position (CVD). During synthesis, the result may also in-
clude unwanted phases of BN including amorphous and
turbostratic boron nitride (a-BN and t-BN). In addition,
the hot pressed method is commonly used for bulk ce-
ramic production by using boric acid binders. This ap-
proach introduces porosity leading to an increased hygro-
scopicity. Recent progress has been made through radio
frequency sputtering of thin films onto nanocrystalline di-
amond substrates, producing a lower density of a-BN and
t-BN and preferential growth of h-BN, although deposi-
tion rates are slow at hundreds of nanometres per hour10.
From a device perspective, thicker layers are favourable
to contain or attenuate stray electromagnetic fields for
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dielectric encapsulation or absorber applications, respec-
tively.
One such electrical enhancement approach that has
yet to be investigated is combining h-BN with CVD di-
amond. Not only would the diamond provide mechan-
ical stability for the h-BN ceramic but the diamond
film conductivity may be tuned through doping and
temperature11. In addition, while there is much in the
literature on the calculation of the complex permittiv-
ity of pristine h-BN, seldom found are the experimental
measurements thereof, with most measurements limited
to the low frequency6,12, or optical range13 let alone mea-
surements of the integration of experimentally produced
CVD diamond with h-BN.
The focus of this study is on the complex permittivity
of CVD diamond on hot-pressed h-BN substrates across
a wide frequency range (103 to 1010 Hz) using a vari-
ety of well-established non-destructive dielectric spectro-
scopic methods at various frequencies14,15. Supplemen-
tary Data details the measurement techniques employed.
The synthesis of the CVD diamond on h-BN samples
and the experimental method for the parallel plate ca-
pacitor (PPC), broadband coaxial probe (BCP) and mi-
crowave cavity perturbation (MCP) approaches is briefly
described. Finally, results and discussions of the mea-
sured h-BN and CVD diamond incorporated samples are
presented.
The complex permittivity defines the ability for a ma-
terial to polarise in an electric field with the imaginary
part representing the loss associated with polarisation,
given as:
ε∗r = ε
′
r(ω)− jε
′′
r (ω) (1)
where ε′r(ω) is the frequency dependent dielectric con-
stant, ε′′r (ω) is the dielectric loss associated with the po-
2larisation mechanisms, ω is angular frequency in rad/s or
2pif , f is frequency in Hz and ∗ denotes a complex quan-
tity. Dielectric polarisation mechanisms in solids arise
from free charge conductivity (Drude model), charge
hopping or dipolar relaxation (Debye model) and elec-
tronic polarisation (Lorentz model)16. In the case of non-
polar materials, dipolar relaxation is non-existent and so
too are Lorentz based frequency dependent contributions
from electronic relaxation when measuring at much lower
than terahertz frequencies. For free charge conductivity,
the dielectric loss follows17,18:
ε′′r, Drude(ω) ≈
σ
ωε0
(2)
where ε0 is the permittivity of free space and σ is the
free charge conductivity. Therefore, a characteristic f−1
dependence in the dielectric loss implies this mechanism.
For charge hopping transport, both real and imaginary
parts are modelled by Debye relaxation and variations
of16:
ε∗r, Debye ≈ ε∞ + (1− jωτ)
(
εs − ε∞
1 + ω2τ2
)
(3)
where εs and ε∞ are the low and high frequency dielectric
constants, respectively and τ is the time constant of the
hopping process. The result is a decrease in the real part
and a loss peak at the relaxation frequency of 1/τ .
The h-BN samples are commercially obtained with
details of the material synthesis detailed elsewhere19.
Briefly, the hot-pressed h-BN substrates have approxi-
mate dimensions of 0.5× 10× 10 mm. Before CVD dia-
mond growth a pre-baking stage was required for the sub-
strates before diamond seeding using a hydrogen termi-
nated colloid solution. After seeding, microwave plasma
assisted CVD was carried out using a Seki Technotron
AX6500 (4 kW at 50 Torr) in a 3% CH4 / H2 gas
mixture19.
The PPC measurement has been carried out from 1
kHz to 10 MHz using the Keysight Dielectric Test Fixture
(16451B) with Electrode B and a Keysight Impedance
Analyser (E4990a). The sample was carefully contacted
using the electrode with the thickness measured using
the built-in micrometre. For slightly conductive sam-
ples, an electrode polarisation effect commonly intro-
duces an additional inverse power law frequency depen-
dence (∝ f−γ)20. This artefact was accounted for by as-
suming that the BCP dielectric constant can be extrapo-
lated downwards which reveals the DC conductivity com-
ponent. The BCP method has been carried out between
10 MHz to 10 GHz, where the sample is carefully com-
pressed onto the aperture of an open-ended coaxial probe,
details given in another work14,21. MCP has been carried
out with an Al rectangular cavity at 2.5, 4.6 and 5.5 GHz
using both E and H-field perturbations, although, min-
imal change was observed in the H-field perturbations
implying that the conductivity must be less than ∼ 104
S/m15. An additional WG14 waveguide cavity was used
at 4.5, 5.6, 7.4 to 9.6 GHz to corroborate the results ob-
tained with the Al cavity. For the unperturbed response,
an acetate sheet was measured to suspend the sample in
the centre of the cavity. Prior to sample measurement, a
1.5×10×10mm piece of polytetrafluoroethylene (PTFE)
was used as a calibration standard. The well-known non-
dispersive dielectric nature of PTFE allowed all measure-
ments to be lined up across the frequency range, taking
the PPC measurement as the initial εr.
The measured complex permittivity of the samples are
given in Figure 1 and Tables I and II. The PTFE stan-
dard gave a nominal value of 2.02 across the low kilohertz
to megahertz frequency range. Since PTFE is assumed
isotropic, this value is extrapolated to the megahertz and
gigahertz range, allowing the PPC, BCP and MCP meth-
ods to be compared for the h-BN samples. From Figure 1,
however, for the MCP measurements obtained using the
WG14 waveguide show much larger reductions in quality
factor with increasing frequency, particularly at 9.6 GHz.
This gives rise to a much larger observed dielectric loss
for the PTFE. Since it is well-known that PTFE has neg-
ligible loss at gigahertz frequencies, this additional loss
is most likely due a combination of depolarisation field
effects with the low loss sample and the more lossy ac-
etate sample holder. This is not an issue for higher loss
samples but will skew results for lower loss samples.
The measured dielectric constant of the h-BN sample
gave approximately 4.3±0.2 from 1 kHz to 10 MHz using
the PPC method, in close agreement with the analyti-
cally calculated out-of-plane value22. Since the material
is a compressed ceramic, an anisotropic value is not ob-
tained, rather an averaged value of various directions,
which is clear from the SEM images of the interface19.
With increasing frequency, there is minimal change with
a value of 4.2±0.1 obtained using the BCP method from
10 MHz to 10 GHz. In the gigahertz frequency range,
MCP also corroborates the BCP as shown in Table I. As
with the PTFE sample, the dielectric loss is almost im-
measurable in the megahertz to gigahertz range, with the
same artefact of the slight increase in loss at 9.6 GHz.
The negligible loss and low dielectric constant demon-
strates the insulating dielectric properties of h-BN.
After CVD diamond growth, the complex permittiv-
ity obtained from the PPC method has been achieved by
first accounting for the significant electrode polarisation
effect whereby the measured capacitance was influenced
by an additional f−γ dependence. The corrected data is
extrapolated from the BCP measurement of the dielec-
tric constant, giving around ten times its pristine value
and a frequency dependent dielectric loss. This is unex-
pected since a micron thick layer of seemingly undoped
diamond should produce only small increment in com-
plex permittivity; diamond has a dielectric constant of
5.6 to 5.923,24. Also, the dielectric loss is proportional to
f−1 implicit of a free charge conduction mechanism17,18
with a calculated value of ∼ 6.9 mS/m. With increasing
frequency from the megahertz range, the BCP method
shows that the dielectric constant decreases approach-
ing the gigahertz range. Furthermore, the BCP obtained
dielectric loss follows the f−1 trend from the PPC mea-
3h-BN-Dia 
(BN side)
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FIG. 1: Complex permittivity of PTFE standard, h-BN and CVD diamond on h-BN. The dielectric constant (left)
and dielectric loss (right) are all obtained using PPC, BCP and MCP with σ model from (2) and the Debye model
from (3) in Supplementary Data. The PPC measurement of the h-BN-Dia is the corrected data after removal of the
electrode polarisation effect. The shaded regions mark the uncertainty: in the left plot the standard deviation of 8
measurements and on the right plot instrumental limitation.
surement with an additional broad loss peak. This has
been modelled as a Debye relaxation mechanism with
approximate coefficients of τ ≈ 1.6 × 10−9 s, εs ≈ 40
and ε∞ ≈ 8. The MCP measurements corroborate the
decreasing real part and follows the Debye loss peak to-
wards 10 GHz. Since BCP is more of a local measure-
ment, an additional measurement is also shown of the
underside of the diamond-h-BN sample, giving a much
lower complex permittivity (labelled BN side in Fig. 1).
This implies that the dielectric amplification is likely not
to be due to any modification of the bulk h-BN, rather
to the diamond layer itself or at the interface.
For the pristine h-BN, the frequency independent per-
mittivity is expected and is similar to the calculated
value is reported by several authors4,6,22. For h-BN, the
2D structure inherently implies anisotropy, to which the
anticipated bulk complex permittivity in-plane (εr,‖) is
dissimilar to the out-of-plane value (εr,⊥); calculations
demonstrate that electronic polarisation predominantly
contributes with εr,‖ > εr,⊥
22. However, even though
the field orientations vary amongst PPC, BCP and MCP,
anisotropy is not measured at all in the pure samples.
This implies that the dielectric properties of macroscopic
hot pressed BN is isotropic.
The most pertinent find in this study is that the com-
plex permittivity of the h-BN has a huge amplification
over its pristine value when CVD diamond is grown on
the surface, even though the CVD diamond is only of
several microns thick. Since the PPC capacitance is mea-
sured through the stack, the expected complex permittiv-
ity should only be slightly larger than the pristine h-BN
sample. This amplified dielectric property also appears
to relax at gigahertz frequencies. The primary reason for
this has most likely stemmed from a form of Maxwell-
Sillars-Wagner type polarisation of an inhomogeneous
mixture25. In this type of polarisation, on the application
of an electric field, free charge carriers in a conducting re-
gion are impeded by insulating boundaries, resulting in a
build-up of charge and therefore an amplified capacitance
effect. For this to be true for the diamond-h-BN sample,
however, there must be some electrically conducting in-
clusion within the medium, of which neither diamond
nor h-BN have significant room temperature conductiv-
ity. Thus, a logical conclusion is that the CVD diamond
contains a finite concentration of dielectrically contrast-
ing impurities.
Impurities in the CVD diamond may be made up of
either electrically conducting sp2 carbon from the dia-
mond growth or boron that has leeched from the boric
acid binder of the hot pressed h-BN. Non-diamond sp2
carbon impurities are a plausible inclusion in the CVD
diamond layer, as it is well-known that it may be in-
troduced during the growth process26,27. Interestingly,
from the growth study, Raman signatures of this sample
showed virtually no sp2 carbon as per a non-existent G-
band19, although, one could argue that these impurities
are present at the h-BN interface. In previous dielec-
tric studies of nitrogen incorporated CVD diamond films
that were rich in sp2 carbon, high electrical conductiv-
ities were measured with significantly large G-Bands15.
Additionally, in nano-diamond particles studies, diamond
powders with high concentrations of sp2 carbon with sig-
nificantly large G-Bands exhibited high effective dielec-
tric losses but nowhere near as large as the loss values
reported in Table II14,28. This somewhat lessens the pos-
sibility that the dominant contribution to the complex
permittivity amplification is contributed by sp2 carbon
since a considerable concentration is required to realise a
high dielectric loss.
A more likely scenario is that boron from the h-BN
4TABLE I: Tabulated dielectric constant PTFE and h-BN samples from dielectric spectroscopy techniques
Method PPC BCP MCP (Al Cavity) MCP (WG14 Cavity)
f (Hz) 103 to 7 107 to 10 2.5×109 4.6×109 5.5×109 4.5×109 5.6×109 7.4×109 9.6×109
PTFE 2.02 2.02 2.02 2.02 2.02 2.02 2.02 2.02 2.02
±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04
h-BN 4.3 4.2 4.23 4.20 4.18 4.22 4.19 4.13 4.05
±0.2 ±0.1 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04 ±0.04
h-BN + Dia 46 40 to 8 10.13 4.29 5.99 5.31 5.41 6.50 7.44
±4 - ±0.04 ±0.4 ±0.2 ±0.04 ±0.04 ±0.04 ±0.04
TABLE II: Tabulated dielectric loss PTFE and h-BN samples from dielectric spectroscopy techniques
Method PPC BCP MCP, Al Cavity MCP, WG14 Cavity
f (Hz) 103 to 7 107 to 10 2.5×109 4.6×109 5.5×109 4.5×109 5.6×109 7.4×109 9.6×109
PTFE - - - - - - - - -
±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05
h-BN - - - - - - - 0.06 0.4
±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 ±0.05
h-BN + Dia ∝ Eq.(2) ∝ Eq.(3) 11.3 8.3 6.3 9.9 6.9 4.8 5.7
- - ±0.05 ±0.4 ±0.2 ±0.07 ±0.2 ±0.06 ±0.05
sample has actually leeched into the diamond at the in-
terface during the microwave growth process in which
the reactive H2 plasma, high growth temperature and
interaction with microwave field has caused boric acid to
leech into the diamond during growth. Boron then in-
corporates substitutionally, resulting in p-type doped di-
amond at the interface. A recent study on the microwave
absorbing properties of boron doped diamond shows that
the complex permittivity of CVD diamond can be dra-
matically enhanced through boron doping while still re-
taining the characteristic diamond Raman signature at
1332 cm−116. In addition, the observed calculated time
constant of the Debye mechanism and the hopping con-
duction process in this study τ ≈ 1.6×10−10s is similar to
that reported by Ding et al16. Finally, the measured con-
ductivity reported here is similar to weakly boron doped
diamond films found by other studies11.
In conclusion, it is demonstrated that the complex
permittivity of hot-pressed boron nitride, with predomi-
nantly h-BN on the surface has a low dielectric constant
and an immeasurably low dielectric loss across the kilo-
hertz to gigahertz frequency range. A dramatic increase
in complex permittivity is observed after CVD diamond
growth. Initially, it would seem that incorporating a
small insulating diamond layer would marginally increase
the dielectric constant, however, the h-BN appears to re-
act with the microwave CVD process, resulting in inad-
vertent boron doping of the diamond film. This implies
that growth of diamond on h-BN must be approached
with caution, especially if the intended application is to-
wards dielectrics for graphene devices. Alternatively, one
could embrace this artefact by using the doped diamond
as an encapsulating microwave absorber for graphene de-
vices.
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Complex permittivity of most materials can be mea-
sured, broadly speaking, with two approaches: ampli-
tude based transmission/reflection methods and resonant
techniques, whereby the former allows the observation of
dispersion from frequency dependent polarsation mech-
anisms while the latter methods offer high narrowband
sensitivity.
A. Parallel plate method (PPC)
The parallel plate method is the simplest non-resonant
approach to obtaining the complex permittivity, whereby
the material is contacted using two metallic electrodes
and impedance is measured. The capacitance is at-
tributed to the dielectric constant, while the loss tangent
of the system is measured directly using the impedance
analyser. The complex permittivity is related to the ca-
pacitance and conductance through1:
C − j
G
ω
=
Aeffε0
t
× εr∗ (1)
where Aeff is the effective area of the electrodes, ε0 is
the permittivity of freespace, t is the thickness of the
material. The dielectric loss is obtained simply through
the loss tangent relation: tanδ = ε′′
r
/ε′
r
. The first term
of 1 can be obtained by first measuring the fixture in
freespace. In this way one can alleviate uncertainties in
the E field distribution of the test fixture. The sample
must cover the entirety of the electrode, whereby the out-
of-plane dielectric value is measured for flat samples.
B. Broadband coaxial probe (BCP)
The open ended coaxial probe uses a similar capaci-
tance perturbing approach in that a coaxial cable is ter-
minated into freespace or a dielectric sample. The ra-
dial transverse electro-magnetic (TEM) fields which ex-
ist within the cable are suddenly interrupted by a free
space section, giving rise to a predominantly parallel field
with some perpendicular fields into the sample. Assum-
ing that the sample occupies infinite space at the end of
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the probe, the complex permittivity can be obtained us-
ing the reflection coefficient. This assumption is fufilled
by having a sample several hundreds of microns thick
for a millimeter small coaxial aperture. The impedance
is measured here through scattering parameters and the
extraction of complex permittivity is as follows2:
ε∗r ≈
1
jωε0C0Z0
(
1− Γ∗L/Γ
∗
a
1 + Γ∗L/Γ
∗
a
)
+ 1 (2)
where Γ∗L and Γ
∗
a are the air and sample terminated com-
plex reflection coefficients, respectively, Z0 is the char-
acteristic impedane taken as 50 Ω and C0 is the probe
capacitance which may be obtained by measuring a ma-
terial of known dielectric constant. In this study, we have
calibrated the BCP to a PTFE standard.
C. Microwave cavity perturbation (MCP)
The microwave cavity perturbation method is a reso-
nant technique whereby the sample is placed within the
electric (E) or magnetic (H) fields of a microwave res-
onator and the presence of the sample within the field al-
ters the resonant frequency of the system. Differences in
the unperturbed and perturbed response are attributed
to the dielectric or magnetic properties, depending on the
volume perturbation within the E or H field as given by
the following:
−
∆ω∗
ω0
≈
ε∗r − 1
1 +N(ε∗r − 1)
Vs
Vm
(3)
where ∆ω∗/ω0 is the fractional change in complex reso-
nance caused by an E-field sample perturbation, Vs and
Vm denote the sample volume and mode volume of the
cavity, respectively, ε∗r is the complex relative permittiv-
ity and N is the geometric sample depolarising factor
which is positive and less than or equal to 13. For low
permittivity samples placed in minimal depolarising ge-
ometry, N ≈ 0 but in other cases, N may be obtained
analytically, through finite element modelling, or through
measurement of a known sample3,4.
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